Human central nervous system (CNS) undergoes neurological changes during the aging process, leading to declines in hand and finger functions. Previous studies have shown that the CNS can independently process multi-finger force control and moment of force control. However, if both force and moment control are simultaneously imposed by motor task constraints, the CNS needs to resolve competing interests of generating negative and positive covariances between fingers, respectively, which causes "conflict of interest or COI". Here, we investigated how aging affects the CNS's abilities to solve COI through a new experimental paradigm. Both elderly and young subjects performed a constant force production task using index and middle fingers under two conditions, multi-finger pressing with no COI and with COI. We found that the elderly increased variance of a virtual finger (VF: an imagined finger producing the same mechanical effect as both fingers together) in time-to-time basis (i.e. online control), while increasing covariance between individual fingers (IF) forces in trial-to-trial basis (i.e. offline control) with COI than no COI. Aging affects the CNS's abilities to solve COI by deteriorating VF actions in online control and IF actions in offline control.
Introduction
Our hands are one of the most versatile parts of the human body, and we use them to perform a variety of day-to-day activities such as eating, writing, driving, etc. During aging, the hands undergo many neurological and biomechanical changes, negatively impacting hand dexterity and consequentially the quality of life in the elderly [1, 2] . Previous studies have shown that aging is associated with the declines in strength [3] , muscle mass [4] , and finger dexterity [5] as well as degeneration of the central nervous system [6] . However, the effect of aging on the CNS's control mechanisms of hand function is still poorly understood, specifically regarding the association between aging and external task constraints that are imposed by motor tasks [7] . a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Previous studies have shown that multi-finger actions are controlled in a hierarchical manner with at least two levels in the hierarchy: the actions of individual fingers (IF) at the lower level and the actions of the virtual finger (VF: an imagined finger producing the same mechanical effect as all fingers together) at the higher level [8] [9] [10] [11] . Recently, the hierarchical variability decomposition (HVD) model was introduced for quantification of the hierarchical organization of multi-finger actions [12] . The HVD model decomposes variability in the motor system into mathematically independent components, each of which quantifies distinct motor behaviors. In the HVD model, estimatibility, consistency, and repeatability are quantified at the VF level [13] . In a constant force production task using multiple fingers, estimatibility reflects the CNS's ability to estimate the target force, and consistency reflects the CNS's ability to consistently perform the task on a moment-to-moment basis (i.e. online control), while repeatability reflects the ability to reproduce the same behavior on a trial-to-trial basis (i.e. offline control) over multiple trials at the higher level. The consistency and repeatability can be further decomposed into workspace of multiple fingers and multi-finger synergy between the multiple fingers at the lower level (or IF level). For the constant force production task by multiple fingers mentioned above, workspace is quantified as the sum of variances created individual motor effectors or fingers, which indicates a multi-finger force space utilized by the CNS to perform a particular task with multiple fingers. Synergy is quantified as covariances between multiple finger forces [12, 13] , which reflect the CNS's control strategies to utilize motor effectors within the workspace for a particular purpose (i.e. consistency and repeatability). Here, the current study intends to investigate how aging affects these dependent variables during a multi-finger action using the HVD model.
The concept of multi-finger synergy has been introduced as a critical aspect of hand control mechanisms during multi-finger actions [14] . During static grasping of a hand-held object, the CNS produces grasping forces and achieve the ''linear equilibrium" as well as moments of forces that to achieve the ''rotational equilibrium" of the hand-held object. Stability of linear and rotational equilibrium required in our experimental paradigm involving a miniature "seasaw" is similar to grasping a free object statically. It has been suggested that the CNS generates two types of multi-finger synergies, force-stabilizing synergy for stability of grasping and momentstabilizing synergy for rotational equilibrium [10] [11] [12] . For example, if one is asked to produce a constant pressing force with index and middle fingers, the CNS may negatively co-vary two finger forces so that the VF force, the sum of two-finger forces, can be stabilized resulting in more consistent VF outputs. This has been referred to as force-stabilizing synergy. Similarly, if one is asked to produce a constant total moment of force (VF moment) on a miniature "seesaw" for the stabilization of rotational equilibrium, two finger forces need to be positively co-varied for the purpose of the VF moment stabilization assuming that the moment arms are constant. This has been referred to as moment-stabilizing synergy. Previous studies have suggested that these two types of synergies are controlled independently by the CNS, which is consistent with the principle of superposition originally suggested in robotics [11, 15, 16] .
Age-related changes in dual-task paradigm have been favorite topic in the last decade. Much attention has been paid to several aspects of dual task performance such as reaction time [17] , performance parameters of gait [18] or postural control [19] . However, it is little known about how aging affects the CNS's control mechanisms in multi-finger actions. In particular, when two tasks impose constraints that are conflicting each other in a particular dual task, the CNS needs to resolve the competing interests. This dual task creates "conflict of interest or COI" to the CNS, which needs to perform the task with a solution. A recent study on constant force production using four fingers has demonstrated that the young people can manage the COI problem while showing unchanged force-stabilizing synergy when moment-stabilizing task was added as a secondary task [20] . This result suggests that the CNS of young people can successfully form force-stabilizing synergy between fingers when performing a motor task with two sub-tasks that are competing each other. However, it is currently unknown how this CNS ability to manage two conflicting sub-tasks is affected over the process of aging, even though previous studies found that aging was associated with deterioration of force-stabilizing synergy [21] and decline in motor performance in double-task [22] .
The aim of this study was to investigate aging-related changes in the hierarchical organization of multi-finger actions under two conflicting task-constraint conditions. In order to achieve this aim, we asked subjects to perform a constant force production task while pressing force sensors mechanically fixed on a stationary frame with index and middle fingers. In another condition, an additional constraint was introduced by requiring a subject to produce a constant moment of finger forces on a miniature seesaw that had a fulcrum between two fingers. Considering other previous studies which demonstrated decreased performance in motor tasks with additional task constraints in older adults [17, 23] , it was hypothesized that aging would be associated with deterioration in motor performance when an additional task constraint is introduced. Consistent with the previous study mentioned above [20] , it is also hypothesized that younger adults would be capable of generating the force-stabilizing synergies even when an additional constraint is presented.
Methods

Participants
Fifteen young (8 male and 7 female) and fourteen elderly (5 male and 9 female) subjects participated in the study. The young group's age, height, and body mass were respectively: 21. 
Experimental procedures
Subjects were asked to rest the distal phalanges of each of the two fingers of the right hand on force sensors (Models 208 M182 and 484B, Piezotronics, Inc., Depew, NY), such that all joints were slightly flexed and the hand formed a dome shape ( Fig 1A) .
Each subject was asked to produce a constant force of 10 N using the right index and middle finger for 10 seconds, which consisted of 20 trials per task. Subjects were shown the sum of the produced finger forces along with the 10 N target force line ( Fig 1A) . The task was performed under two conditions; with no additional constraint (NC) and with an additional constraint (AC). For the NC task, subjects were instructed to produce 10N force using index and middle fingers on fixed flat manipulandum ( Fig 1B) and match the sum of the index (F1) and middle (F2) forces to the constant 10 N target force, satisfying the task equation, F1+F2 = 10N. For the AC condition, subjects were instructed to produce and match the constant 10 N target force using index and middle finger on a flat manipulandum which can freely rotate between two fingers about the anterior-posterior axis ( Fig 1C) while keeping the rotational equilibrium, satisfying two task equations, F1+F2 = 10N (i.e. NC task) and F1 = F2 (i.e. AC task). The "seesaw" manipulandum was designed in such a way that the height of the axis of rotation was located at the same height as the contact surface of index and middle fingers with the force sensors in order to minimize the moments caused by shear forces of the fingers. When F1 and F2 are constant, that first and second constraints do not create a conflict. However, when the forces are dynamically changing as shown in any force control studies on humans, these two constraints create a conflict. For example, when F1 increases, F2 needs to decrease for force stabilization and F2 needs to increase for torque stabilization. The CNS needs to resolve these competing interests of generating negative and positive covariances (i.e. synergies) between fingers, respectively, which causes "conflict of interest or COI" in terms of formation of multifinger synergies.
For each trial, force data from index and middle fingers were collected for 10 seconds and the last 5 seconds were used for analysis where the force production was at a steady state. The virtual finger (VF) force was calculated as the sum of two time-varying forces of index and middle fingers (or individual finger: IF). Using HVD model, the VF force for trial i, yiðtÞ, was modeled as the sum of three components which reflect distinct motor abilities [12] :
where X i (t) is demeaned VF force for trial i, m is the mean VF force after averaging over all timesteps of all 20 trials, and E i is the difference between the mean VF force for trial i and m. Online, X i (t), offline components, E i , overall mean, m, extracted from VF force are mathematically independent. Online, X i (t), and offline, E i , signals were further analyzed such as such as consistency, repeatability, and synergy to reflect the CNS's control ability in online and offline controls, respectively. Overall mean, m, was analyzed further to refer to the CNS's estimability [12, 13] .
The motor task error was quantified as the overall mean-squared error (OMSE), the averaged squared deviation of the VF force from the 10-N target force: and press the force sensors at finger tips while matching the two-finger force sum (virtual finger or VF force) to 10N for 10 seconds over 20 trials for each of two conditions, with no additional constraint (NC) and with an additional constraint (AC) conditions. (B) NC condition: two plastic blocks were placed under the seesaw structure, which prevented a rotation of the experimental setup during the pressing task and (C) AC condition: the plastic blocks were removed, which allowed free rotation of the seesaw structure.
https://doi.org/10.1371/journal.pone.0198084.g001
Where τ is the 5-s duration of y i ðtÞ for each trial, f T is the 10-N target force, and N is the number of trials (N = 20). The HVD model decomposes OMSE into several mathematically independent components in a hierarchical manner (Fig 2) . In the VF level, OMSE was decomposed into three error components:
where VE ON is the "online variable error", defined as the variance within a trial, averaged over all trials ððVar ðXÞÞ, VE OFF is the "offline variable error", defined as the variance between trials (Var(E)), and SE is the "systematic error", defined as the squared overall deviation ((f T −m) 2 ). The online and offline variable errors quantify the moment-to-moment consistency and trial-to-trial repeatability of the motor task, and the systematic error is overall deviation of VF force from the target force (i.e. estimability) [13] .
The online and offline variable errors are calculated as follows:
where x j is demeaned force of j th finger, ε j is the differences of j th finger between the mean across time for each trial and the mean across all time steps and all trials, and n = 2 is the number of task fingers. The overhead bars indicate means over trials.
In the IF level, the online and offline variances were further decomposed as the sum of IF variances (Var ON , Var OFF ) plus between-finger covariances (Cov ON , Cov OFF ) (Fig 2) :
The sum of IF variances, Var ON and Var OFF reflects the total amount of variability in the motor task (i.e. workspace), while the sum of IF covariances, Cov ON and Cov OFF reflects synergistic actions between finger forces (i.e. synergy) to attenuate or amplify the VF force through negative covariance or positive covariance between fingers, respectively [13] .
Statistical analysis
Standard descriptive statistics were used: the data are presented as means ± standard errors (SE). Two-way mixed analyses of variance (ANOVA) with between-factor, Group (young and elderly group), and within-factor, Task (NC vs AC), were used to investigate the main effects of Group and Task and the interaction between Group and Task. Pairwise comparisons were performed when a significant effect was observed. Statistical significance was set up at p<.05.
Results
We analyzed multi-finger actions in a hierarchical manner as VF actions at the higher level and IF actions at the lower level (Fig 2) . Several dependent variables were quantified from VF and IF actions using the HVD model (Fig 3) .
Effects of aging on VF actions
The elderly group showed greater OMSE during the AC task compared to the NC task while the young group did not show a difference between AC and NC. T/his result suggests that the aging is associated with deterioration in overall motor performance when an additional task constraint was required. This finding was supported by a significant interaction (Group X Task) (F 1,28 = 6.049, p = 0.021), along with a significant Group effect (F 1,28 = 7.539; p = 0.011) and a significant Task effect (F 1,28 = 7.346, p = 0.012). The pair-wise comparisons showed that OMSE of the elderly group during AC task was significantly greater than NC task (p = 0.001) while OMSE of the young group did not differ between tasks. (Fig 3A) .
At the VF level, the HVD model decomposes OMSE into VE ON (inverse of consistency), VE ON (inverse of repeatability) and SE (inverse of estimability). The elderly group showed greater VE ON during the AC task compared to the NC task while the young group did not show a difference between AC and NC. This result indicates that the elderly group deteriorated consistency when the additional constraint is imposed to the motor task while the young group did not change consistency. However, both group showed unchanged VE ON and SE between tasks. This result indicates that both group performed the both tasks at the similar level of performance in terms of consistency and estimability. The results suggest that the aging is associated (Fig 3B) .
Effects of aging on IF actions
In online control of IF actions, although young group showed a trend of smaller Var ON at AC task compared to NC task, both elderly and young groups showed significantly unchanged Var ON between AC and NC tasks. However, both groups showed significantly greater Cov ON at AC task compared to NC task. This result indicates that both group performed the both task within the similar workspace in online control, but deteriorated synergy in online control when the additional constraint is imposed to the motor task. However, in offline IF actions, the elderly group showed significantly smaller Var OFF and greater Cov OFF during the AC task than the NC task, while the young group showed no significant difference between AC and NC even though there was a trend of smaller Var OFF and greater Cov OFF during the AC task than the NC task. This result indicates that the elderly group decreased workspace and improved synergy in offline control when the additional constraint is imposed to the motor task. However, the young group performed the both task within the similar workspace with the similar synergy in offline control. ; p = 0.006). The pair-wise comparisons showed that, in online control, Cov ON of both group at AC task was significantly greater as compared to NC task (Young group: p = 0.013 and Elderly group: p = 0.001) (Fig 3F) . In offline control, Var OFF of the elderly group was significantly smaller at AC task as compared to NC task (p<0.001) and Cov OFF of the elderly group at AC task was significantly greater as compared to NC task (p<0.001).
Discussion
Our study investigated aging-related changes in the hierarchical organization of multi-finger force control during two-finger pressing tasks, which induced COI problem to the CNS. We employed the HVD model which quantified several distinct aspects of hierarchically organized multi-finger actions of VF actions at the higher level and IF actions at the lower level. We hypothesized that the aging would be associated with the deterioration in VF and IF actions when an additional constraint as the COI problem was introduced to the CNS in our experiment. The hypothesis was largely confirmed by the experimental results. However, interestingly, aging affected VF and IF actions differently for online and offline controls. At the VF level, the elderly group showed deterioration of online VF control when an additional task constraint causing a COI problem was introduced, while the young group did not change their performance in online control of VF. Interestingly, at the IF level, the elderly group used smaller offline workspace (i.e. Var OFF ) and smaller offline synergy (i.e. inverse of Cov OFF ) [13] when the additional constraint was introduced. However, the young group showed the unchanged workspace or synergy regardless of the task constraints.
Overall, we found that aging is associated with the deterioration of multi-finger actions when the CNS faces the COI problem. According to the principle of superposition which was originally introduced in robotics [15] and later confirmed in human hand experiments [16, 24] , human multi-finger actions can be decomposed into sub-actions such as force-and moment-stabilizing actions that are controlled independently by separate controllers. The principle implies that there should be no interference between force-stabilizing and momentstabilizing task. Indeed, the young group in the current study showed that there was no performance difference between NC (i.e. force-stabilizing task) and AC task (i.e. force + momentstabilizing task), indicating that moment-stabilizing task did not interference with force-stabilizing task. However, the elderly group showed that the deteriorated consistency during AC task, indicating that aging might have led to the deterioration of the CNS's abilities to independently control two concurrent sub-tasks (i.e. force-and moment-stabilizing tasks) with conflicts during AC task. Note that we quantified performance of force-stabilizing control for both NC and AC tasks without considering the moment arms of finger tips. Although there was no redundancy in AC task in terms of finger forces, the task could be redundant with varying moment arms. Thus, it may be possible that the young group has ability to perform AC task at the similar level of performance for NC task by changing moment arms of finger tips, which warrants the further study.
We found that aging is associated with deteriorated overall motor performance (i.e. inverse of OMSE) that was contributed by deteriorated consistency of force control in online control (i.e. inverse of VE ON ) during AC task compared with the NC task. This result indicates that decline in the CNS's ability to produce consistent actions when elderly face the COI problem is mainly due to declines in force control in online control, not offline control or systematic errors. Several previous studies reported that aging leads to increase variability of force produced during hand actions [25] [26] [27] . In particular, Vaillancourt and Newell (27) asked subjects to produce finger force to match a simpler constant target force and a more complex sinusoidal target force. They found that the elderly subjects showed declined performance in a sinusoidal target force control as compared to the constant force control. In our study, AC task provided an additional task constraint while introducing the COI problem, which is similar to the sine wave force control in Vaillancourt and Newell (27) in terms of its greater task complexity and cognitive load to the CNS. These two studies provide converging evidence that aging leads deficits in performance of online control when the task is more complex and requires greater cognitive load to the CNS of the elderly.
Intriguingly, the COI problem introduced in our study negatively affected virtual finger actions at the higher level only in online control, while the same problem affected individual finger actions at the lower level only in offline control. Our study also found that aging is associated with the decreased offline synergy (i.e. increased Cov OFF ) when the additional torque constraint was introduced. This result indicates that the CNS of the elderly changes synergistic actions between fingers by generating different sharing patterns of IF forces over multiple trials. According to the principle of minimization of secondary moments [28] , the CNS generates the sharing pattern (i.e. a combination of percentages of total force generated by each finger) during a constant force production task in such a way that the moment of force with respect to the longitudinal axis of the hand is minimized. In two finger pressing task, this principle implies that covariance between two finger forces should be almost zero in order to minimize the moment generated by two finger forces and minimize performance error because positive and negative covariances between finger forces contribute to the force control and torque control errors, respectively. Although moment arms of finger tips were not involved in our analysis, covariance closed to zero during NC task implies that each finger force were produced in the similar magnitude. Thus, in our study, the principle of minimization of secondary moments holds only in the young group who showed the unchanged covariance with the additional constraint, which is also consistent with the previous finding [20] .
One of the main factors that contributes the minimum moments of force is the enslaving effect (force production by unintended fingers). Enslaving is a phenomenon that presents forces produced by fingers not explicitly involved in a finger-pressing task [29, 30] . The phenomenon occurs because of both central factors such as overlapping cortical representations for adjacent fingertips in sensory cortex and peripheral factors such as shared muscles and tendinous connections of fingers [29, 31, 32] . Several studies have been performed to investigate the effects of aging on the enslaving effects [3, 5, [33] [34] [35] [36] [37] [38] [39] . It was reported that there was a lower indices of finger force enslaving in the elderly as compared to young subjects [5] , strength training in the elderly led to higher enslaving indexes [38] , and fatigue did not change the enslaving indexes [39] . In addition, previous studies suggest that aging is associated with a decline in the number of neurons especially alpha-motoneurons [33, 34] , and the decreased average size of muscle fibers [35, 36] , leading to weaker enslaving effects [3, 5, 37] . Thus, the decreased enslaving effects after aging might have caused changes in offline synergy with an additional torque constraint in our study.
Limitation
During multi-finger actions, individual fingers show phenomena of mutual dependence due to the enslaving effects [40, 41] . Previously, the hypothetical CNS commands to individual fingers (i.e. finger force modes) have been calculated [42] from estimation of couplings between individual finger forces (i.e. finger enslaving, [30] ). The analysis of our experimental data in the finger mode space might have provided additional insights into the actions fingers and interactions between them. However, application of the mode analysis to our study might have been challenging because our study employed two different tasks for NC and AC, and AC task is associated with a different set of task constraints and the finger force mode analysis depends on task constraints. A moment-stabilizing task requires certain levels of finger forces that are required for keeping the resultant moment of force as compared to the force-stabilizing task. In addition, a previous study has shown that the dynamic process of finger force production may be associated with the changes in the enslaving between fingers [43] . Due to these analytical challenges, the analysis of our study was limited in the finger force space. However, if one assumes that the enslaving between fingers is constant in our study, the main findings of our study should still stay hold, specifically those differences observed between NC and AC tasks.
Our study could have employed another task that requires a constant moment of or zero moment of force in order to systematically compare three tasks that require a constant force (NC task), a constant moment of force, and both constant force and moment (AC task). However, we did use the constant moment task in our study because, theoretically, subjects could produce a constant moment without producing any finger forces. Previous studies have shown that force variability and associated with force magnitude [44, 45] , which could lead to different level of force variability between groups. In addition, our experimental design was more focused on a within-subject design to investigate how each group performed the task in two different conditions. We have tried to minimize this potential issue by setting the same target force level within two task conditions.
